Introduction
Jet flow phenomenon is one of the basic flows in the fields of fluid and thermo dynamics and engineering because it has free and wall bounded turbulent shear flows and large vortex structures, and it is used widely in many industrial fields for heating, cooling, mixing, diffusion, fire extinguishing, propulsion, material processing, and others (Shakouchi, 2004) . Especially, since the mixing properties depend on the behavior of turbulent shear flow and large vortex structure, there are some studies concerning with the change of large vortex structures by nozzle configuration change (Kumar and Kurian, 1995 , Belovich and Samimy, 1997 , Saga, et al., 1999 , Hu, et al., 2000 , Meslem, et al., 2008 . The submerged jet from circular nozzle sheds the ring shaped large vortex structures periodically and they flow to the downstream collapsing with the neighbor vortices. Non circular jets from an elliptic or non circular nozzles show sometimes the switching phenomena which exchange the major and minor axes of the vortex and this deformation will enhance the jet mixing and diffusion (Hussain and Husain, 1989) . There are many researches of enhancement of the jet mixing and diffusion properties by the switching and other methods .
In this study, the mixing and diffusion properties between the submerged free jet flow from the 6 petal shaped special nozzle (Iriyama, 2012) and the surroundings are examined experimentally by a flow visualization and mean and fluctuating velocity measurements. It is expected that these flow properties of the 6 petal shaped jet will be improved considerably because of the large wetting perimeter and generation of longitudinal large vortex structures. Figure 1 shows the schematic diagram of the nozzle used of the 6 petal shaped double tube. It is consisted of the 6 petal shaped inner tube (hereafter, it is also called 6-p tube, or 6-p nozzle) and the outer tube. The inner tube is formed from 12.0 mm circular tube to the 6-p tube during 50 mm in length by a drawing process and then it becomes the 6-p tube of 200 mm in length. The outer tube is the straight tube of 250 mm in length with inner diameter of 20.1 mm, and it has an outer flow tube of diameter 13.0 mm set vertically on the outer tube. The inner and outer tubes are made by a pressure welding and their thickness is 0.8 mm. Figure 2 shows the details of cross section of the 6 petal shaped double tube. The exit cross section of the 6-p tube has the major axis, A-axis, of 18.5 mm in length and the minor axis, B-axis, of 7.0 mm in length, and the 6-petal shape with exchanging major and minor axes at every 30 degrees around circumference. The area of the exit cross section of the 6-p nozzle is A i = 124 mm 2 , equivalent circle diameter is d ei ≡ d e = 12.5 mm. The area between the outer and inner tubes has 6 heteromorphic sectors, 6 outer nozzles, and total cross sectional area is A o = 108 mm 2 and equivalent circle diameter is d eo = 11.7 mm. The area ratio is A o /A i = 0.871. The jet flow from 6-p nozzle, 6-p jet, can be controlled by the 6 outer nozzles, but in this study only the flow characteristics of the 6-p submerged free jet, 6-p jet, were examined. The results for the pipe nozzle and orifice nozzle are also shown for reference. The diameter and length of pipe nozzle are d = d 0 = 10.0 mm and L/d = 50, respectively. The coordinate system of which is the center of nozzle exit is the origin O, and in the downstream and radius directions are x and r axes, respectively, was used. The flow visualization and observation were carried out as follows. The nozzle was inserted vertically by the side wall under the water surface of the large test water tank which the water level is maintained a constant by the weir. The water solution of fluorescein sodium was issued from the nozzle into the still water and visualized by laser light (Spectra-Physics, Ar, 3W) sheet method. The visualized flow pattern was observed, and the brightness data was memorized and processed by a high speed video camera (Photron, FASTCAM-1024PCI, model 100k), PIV (Photron, FACTCAM Viewer) and PC. The brightness distribution of the image will almost support the diffusive degree of the dye, water solution of fluorescein sodium. The flow visualization was carried out under the Reynolds number, Re = u m d /ν = 3,000. Where, u m and ν are mean nozzle exit velocity and kinematic viscosity, respectively. The mean and fluctuating velocities of air jet flow were measured by a hot wire anemometer (KANOMAX, IHW-100), single probe (wire: tungsten wire of 5 µm in diameter, prong distance: 2 mm, sensor distance: 1 mm) and PC.
Experimental apparatus and procedure
In this study, the flow characteristics, flow pattern, mean and fluctuating velocity distributions of the 6-p jet and pipe jet were measured under the constant velocity of u m = 25 m/s, and spread of jet and flow rate of the 6-p jet and pipe jet were measured under the constant operating power (W = 1.72 [W] = const.).
Results and discussion

Flow pattern
Figure 3(a) shows the flow pattern at the center cross section of the pipe jet. First, there is a large non-disturbed area of the length of about x/d 0 = 8, and then the flow disturbance occurs from the edge area of the jet. Figure 3 (b), (c) show the flow patterns at A-and B-sections of the 6-p jet. Since A-section is the major axis the jet width near the nozzle exit is large, and the disturbance occurs from about x/d e = 2.0 near the jet edge and spreads to the downstream entraining the surrounding fluid. The jet width at A-and B-sections becomes almost same at about x/d e = 5.0, and then it is thought that the cross-sectional shape of the jet edge approaches to a circle [see Fig.10(a) for reference]. Compared with the pipe jet flow, the 6-p jet disturbs and spreads in the radius direction from much near the nozzle exit forming a large vortex structure, and then it is thought that 6-p jet has an excellent mixing and diffusion properties. can be estimated roughly by the brightness distribution. Figure 5 shows the flow pattern and time mean brightness distribution at the cross section of x = 10, 15, 20, 30 mm (x/d e = 0.8, 1.2, 1.6, 2.4). The mean brightness at A-and B-sections was obtained by averaging the data at three sections of the circumferential direction. Near the nozzle exit of x = 10 mm the flow pattern in the petal shaped area has a mushroom shape with twin counter rotating vortices by Prandtl's second kind of secondary flow. The outline of the flow is almost the shape of 6-p nozzle, and the flow oscillates irregularly and alternately in the circumference direction by a complex flow field with many large vortex structures including 6 twin longitudinal vortices (Figs.5, 6 ).
The profiles of the mean brightness agrees mostly with the positions of the center and edge of the jet, and at Asection it takes a minimum value at around the root position of the petal of about r/d e = 0.4. The jet spreads in the radius direction to the downstream, and the area of A-and B-sections mix each other [Figs.5(a) to (d)]. The two local maxima Br max of the brightness decreases to the downstream following the mixing between the jet and the surroundings. During these mixing and spreading processes to the downstream, the jet oscillated irregularly and alternately in the circumference direction. Figure 6 shows the sketch of the vortex structure. The mushroom shaped longitudinal twin counter rotating vortices called Prandtl's second kind of secondary flow are formed at the tip area of A-section and at the outer edge of B-section. As a result of the interaction of these vortices the jet flow oscillates irregularly and somewhat periodically in the circumference direction. Figure 7 shows the details of the time change of the behavior of the vortices at x/d e = 0.8 by the sketch of the flow. The mushroom shaped longitudinal twin vortices change their vortices alternatively and then it oscillates irregularly and somewhat periodically in the circumference direction. Figures 8(a), (b) show the time change of the velocity at x/d e = 1.6, r/d e = 0.64 at B-section and FFT analysis, respectively. It looks like that the velocity oscillates somewhat periodically, and there are dominant frequencies at f = 2, 5.5 Hz, but it is not so clear. 
Vortex structure
Mean and fluctuating velocities on jet centerline
Figure 9(a) shows the mean jet centerline velocity u c /u m . The 6-p jet has a potential core region with a constant velocity, and then the velocity decreases to the downstream. The centerline mean velocity of the 6-p jet decreases from an earlier position of about x/d e = 2.8 than that of x/d e = 5.0 for the pipe jet, because the mixing of the 6-p jet with the surrounding flow near the nozzle exit is larger than that of the pipe jet by a larger wetting perimeter. For reference the results of orifice jet is also shown. In the downstream the decreasing rate of u c /u m for the 6-p jet is almost same as the pipe or orifice jet and it decreases in proportion to (x/d e ) -1. 0 . the 6-p jet has an excellent mixing and diffusion properties in the range of x/d e ＜6.0.
Mean and fluctuating velocities at cross section
Figure 10(a) shows the velocity distribution u/u m at the cross section. Since the profile was axisymmetric only the results at the half region in the radius direction is shown. The velocity distribution at A-and B-sections for the 6-p jet of x = 2 mm (x/d e = 0.16) is entirely different depending on the nozzle geometry. At the petal area of A-section the velocity is almost uniform but at the center area the velocity of A-and B-sections is almost same and a maximum is on the center. The velocity at A-section of x = 10 mm (x/d e = 0.8) takes the local maximum at y/d e = 0.64 and a maximum at the center of r/d e = 0. In comparison with A-section, the velocity distribution at B-section takes the maximum on the center and changes smoothly in the profiles of A-and B-sections are almost same. The switching phenomena which the major and minor axes of non-circular jet exchange depending on the deformation of the vortex ring could not be found in the range of x/d e ＞8. Figure 12 shows the flow rate Q/Q 0 , where, Q 0 is the flow rate at the nozzle exit. Q 0 was measured by a flow meter installed upstream of the nozzle, and Q was obtained by integrating the velocity distribution measured. The flow rate of the 6-p jet was obtained approximately as the arithmetical mean of the flow rates calculated from the mean velocity profiles at A-and B-sections. The flow rate of the 6-p jet is larger than that of the pipe jet in the range of x/d e ＜8. This depends on the larger wetting perimeter of the 6-p nozzle than that of the pipe nozzle. It is known that the 6-p jet has a 
Conclusions
The flow characteristics, mixing and diffusion, of sub-merged free jet from 6 petal-shaped nozzle were examined experimentally. Major results are as follows.
(1) The 6 petal-shaped jet spreads in the radius direction entraining the surrounding fluid and forming large vortex structures while oscillates alternately and somewhat irregularly in the radius and circumferential directions. 
